The decision to administer adjuvant chemotherapy in treatment of early invasive breast cancer (EBC) is often complex, particularly for hormone receptor-positive (HR+) diseases, and current guidelines often classify these patients in an intermediate-risk group. Several biomarkers are currently available in this indication, in order to obtain additional and more accurate prognostic information compared to classic clinicopathological characteristics and guide the indication of adjuvant chemotherapy, optimizing the efficacy/toxicity ratio. We conducted a systematic review to evaluate the clinical validity and clinical utility of five biomarkers (uPA/PAI-1, OncotypeDX ® , MammaPrint ® , PAM50, and EndoPredict ® ) in HR +/HER2-EBC, whatever the nodal status. A total of 89 studies met the inclusion criteria. Even though data currently available confirm the clinical validity of these biomarkers, there is a lack of data regarding clinical utility for most of them. Prospective studies in welldefined populations are needed to integrate these biomarkers in a decision strategy.
Introduction
Adjuvant chemotherapy for early breast cancer was shown to improve patients' prognosis and reduce by one-third the 10-year mortality rate. 1 This benefit is reported regardless of age, nodal status, tumor differentiation, tumor size, estrogen receptor (ER) status, and use of adjuvant tamoxifen. It has led to the recommendation of adjuvant chemotherapy for most patients with an improvement of both disease-free (DFS) and overall survival (OS). 2, 3 Guidelines recommend chemotherapy for most patients and this can lead to overtreatment. 4 An important issue is to find tools to determine whether the treatment's benefit outweighs its toxicity.
Clinicopathological criteria such as age, tumor size, nodal status, histological grade, vascular invasion, and ER, progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) statuses are commonly used. Informatics tools, such as Adjuvant! Online 5, 6 or Predict, 7 have been developed and validated to integrate these data and give an evaluation of the risk of recurrence.
Subsequently, prognostic and predictive biomarkers have been developed to help clinicians adjust treatment decisions. The aim of this systematic review is to describe the prognostic and predictive values of several biomarkers which currently have the most advanced development in case of HR+ and HER2-negative (HER2-) early invasive breast cancer in order to help clinician decisions.
The development of several biomarkers relies on the molecular classification of breast cancers. The first molecular classification, based on gene expression using DNA microarrays, was developed by Perou et al in 2000 and has led to the identification of 4 subtypes of invasive breast cancer: basallike, HER2-enriched, luminal A, and luminal B. 8, 9 Each subtype was associated with different immunohistochemical (IHC) profiles and clinical outcomes. 9 The use of this molecular classification is however limited by the cost, the complexity of microarray analysis of thousands of genes, and the need for fresh frozen tissue. Moreover, about 30% of the tumors do not belong to any of the previously described subtypes 10 and the identification of new subtypes is currently being worked on. 11 Due to the concordance of gene expression and IHC profiles, new IHC techniques have subsequently been developed. The 2011 St Gallen Breast Cancer Conference Expert Panel proposed to use clinicopathological criteria to evaluate the gene expression-based classification and then allow its use in clinical practice. 12 However, the IHC-based and the gene expression profiles-based classifications are not overlapping. The agreement rates for patient classification were of 73% to 100% for the luminal subtype, of 41% to 69% for the HER2enriched subtype, and of about 80% for the basal-like subtype. 13 Several commercial genomic tests are currently available for breast cancer. In this review, we studied first-generation signatures such as the 21-gene recurrence score (Oncotype DX ® ) and the 70-gene signature (MammaPrint ® ), as well as second-generation signatures such as the PAM50 risk of recurrence (Prosigna ® ) and the 11-gene assay (EndoPredict ® ). We also focused on the association of urokinase plasminogen activator and plasminogen activator inhibitor type 1 (uPA/ PAI-1), a signature with an IA level of evidence (LOE) included in the ASCO recommendations 14 in the same setting.
Methods Population
We focused our study on HR+ HER2-patients with early breast cancer, whatever the nodal status. Indeed, it is in these patients that the decision of adjuvant chemotherapy is the most difficult to take, with a frequent intermediate risk of relapse according to usual guidelines, and therefore the interest of biomarkers is the greatest.
Biomarkers
We chose to focus on the following biomarkers: uPA/PAI-1, the 21-gene recurrence score (Oncotype DX ® ), the 70-gene signature (MammaPrint ® ), the 11-gene assay (EndoPredict ® ), and PAM50 (Prosigna ® ) because their level of evidence is the highest.
Systematic Search
We searched the MEDLINE database, using the following terms: (i) for uPA/PAI-1: "breast cancer" and "uPA/ PAI-1" or "urokinase plasminogen activator" or "plasminogen activator inhibitor", (ii) for Oncotype DX ® : "breast cancer" and "Oncotype DX" or "recurrence score" or "21-gene recurrence score", (iii) for Mamma Print ® : "breast cancer" and "MammaPrint" or "70-gene signature", (iv) for EndoPredict ® : "breast cancer" and "EndoPredict" or "11-gene assay", (v) for PAM50: "breast cancer" and "PAM50" or "Prosigna" or "single sample predictor" or "single sample predictors" or "50gene subtype predictor".
We only considered English language and peerreviewed published articles. Initial results were reviewed and cross-referenced to ensure that all eligible studies were captured. The following publications were excluded: nonrelevant title or abstract, systematic reviews, case reports, publications which did not include a survival endpoint (except in neoadjuvant setting, in which we included articles with results on tumor response), only HR-negative (HR-) or HER2-positive (HER2+) tumors, metastatic breast cancer.
If the population was the same in several articles, we considered the study published first.
For uPA/PAi-1, we only considered the studies which evaluated the association of uPA and PAI-1 and not those evaluating only one of them or the two separately.
For PAM50, we only considered the studies which evaluated the risk or recurrence (ROR) and not those only evaluating the classification into subtypes according to PAM50.
• the clinical validity, i.e., the ability of the test to accurately and reliably identify or predict a relevant breast cancer survival endpoint; • the clinical utility, i.e., the ability of the test to guide treatment decision to improve the clinical outcome.
On the basis of our systematic search, we retrieved information about clinical validity. In the selected studies, we identified the multivariate models and listed them in tables. To avoid bias, we only selected, for the multivariate models analysis, the studies with the largest population among the studies with overlapping populations (similar datasets, for example). If more than one model was carried out in the same study to test different endpoints, we considered the one that was specified as the primary endpoint except if several endpoints were pre-specified.
To assess the clinical utility of the biomarkers, we selected prospective studies. We also looked clinical.trial. gov for the ongoing studies.
In each study, we searched whether invasive lobular carcinomas (ILC) were listed. If they were, we looked to see if the results of the biomarker were different to determine the potential interest of given biomarker in this specific histological subtype.
Furthermore, we checked the latest recommendations of the French National Cancer Institute (INCa) 16 and the ASCO recommendations 14 about these biomarkers. In the recommendations, the LOE is evaluated for each biomarker. In 1996, Hayes et al 17 described a method to evaluate tumor markers clinical utility and give LOEs for the tumor markers prognostic and predictive values, which was validated by an ASCO committee. In 2009, Simon et al 18 updated these levels with a new LOE, IB, including retrospective studies using archived biomarkers samples which had been collected prospectively.
Results

Eligible Studies
The results of our systematic search and the selection of articles included in the present study are described in Figure 1 . We selected 16 studies for uPA/PAI-1, 31 studies for Oncotype DX ® , 21 studies for MammaPrint ® , 6 studies for EndoPredict ® , and 15 studies for PAM50. Among them, very few included specifically patients with HR+, 
uPA/PAI-1
Introduction uPA and PAI-1 are proteases involved in tissue stroma reaction which participate in plasminogen activation and thus promotes invasion and metastasis. They interact with a lot of key cell signaling pathways and affects cell adhesion, migration, proliferation, and survival. 19 The uPA/ PAI-1 complex has been involved in many types of cancers 20 and its prognostic value has been best studied in breast cancer. Duffy et al published the first article which described a poorer disease-free survival (DFS) in case of high level of uPA in tumor tissue. 21 Jänicke et al confirmed the negative prognostic value in terms of DFS and overall survival (OS) for uPA and PAI-1 considered independently. 22 UPA and PAI-1 levels are determined using the ELISA technique, from 80 to 100 mg of frozen tissue, limiting its use in case of tumors bigger than 1 cm. 23 It can be performed in local centers. Two studies described below validated these biomarkers at a LOE I. 24, 25 Clinical Validity
Prognostic Value
In a prospective trial including 556 patients with nodenegative (pN0) tumors, patients with low uPA/PAI-1 levels did not receive any adjuvant chemotherapy while patients with high uPA/PAI-1 levels were randomized between chemotherapy or not (the "Chemo N0" trial). 24 Chemotherapy consisted of CMF (cyclophosphamide, methotrexate, fluorouracil). In the group without chemotherapy, the 3-year DFS rate was longer in the low-risk group (93.3% versus 85.4% in the high-risk group, RR=2.71, p=0.009). 24 The 10-year analysis confirmed these results (10-year DFS rate of 87.1% in the low-risk group versus 77.0% in the highrisk group [p=0.011]). 26 A pooled-analysis in 8377 individual patients (pN0 and pN+), performed by members of the European Organization for Research and Treatment of Cancer-Receptor and Biomarker Group (EORTC-RBG), showed a difference in terms of DFS and OS according to the uPA and PAI-1 levels. 25 In multivariate analysis, levels of uPA and PAI-1 combined together were the second stronger prognostic factors, after lymph node status. At 10 years, the difference between patients with a favorable prognosis and patients with an unfavorable prognosis, defined by a score taking into account uPA and PAI-1 levels, was 28.2% for OS and 34.5% for DFS. Also, in both pN0 and pN+ patients, higher uPA and PAI-1 values were independently associated with poor RFS and poor OS.
Unfortunately, these 2 large studies included patients with both HR+ and HR-tumors.
Other retrospective studies, mostly in pN0 patients, most of them with ER+ tumors, also found a similar prognostic value. However, studies considered different and heterogeneous populations in terms of ER, nodal, or HER2 status, type of systemic treatment, and they used different cut-offs for uPA/PAI-1 levels (Table S1 in supplementary data). Only one retrospective study 27 considered only our target population HR+, HER2-and found no significant difference in RFS or OS in high-risk and lowrisk groups (but patients with low uPA/pAI-1 had less chemotherapy). The multivariate models in adjuvant studies evaluating uPA/PAI-1 (as well as other signatures) are detailed in Table S6 in supplementary data.
Predictive Value
In the Chemo N0 trial, patients with high uPA/PAI-1 levels were included in a randomized controlled open-label phase III trial to evaluate the efficacy of CMF adjuvant chemotherapy. At 10 years, DFS was higher for patients treated with chemotherapy in the high-risk group (78.7% vs 67.9% without chemotherapy, HR=0.48, p=0.019). The estimated hazard ratio for the ITT population showed a benefit of CMF (HR=0.74, 95% CI=0.44-1.27), but the difference was not statistically significant (p=0.278). 26 In per-protocol analysis, the adjusted hazard ratio was 0.48 (95% CI=0.26-0.88), in favor of CMF (p=0.019). 26 Anyway, results are now less impactful as CMF chemotherapy is no longer a standard of care.
In the same line as this randomized trial, retrospective studies suggested a predictive value of the uPA/PAI-1 level with response to chemotherapy 28 and a better response to anthracycline-based chemotherapy as opposed to CMF. 29 However, as for prognostic value, the studies included a diverse population with ER-tumors, and HER2 status was mostly not reported.
Clinical Utility
The NNBC3 ("Node Negative Breast Cancer 3 -Europe") trial was a multicenter, randomized, open-label phase III trial which included 4149 pN0 patients. It was designed to compare the risk assessment with traditional clinicopathological factors and with a biological algorithm based on the uPA/ PAI-1 levels. Each participating center decided upfront the type of risk assessment for all of its patients. Patients in the high-risk group were randomized between an anthracyclinebased (FEC × 6 cycles) or anthracycline and taxane-based chemotherapy (FEC × 3 and docetaxel × 3). Recruitment was closed in December 2008 and results are expected shortly. 30 This study has limitations preventing showing uPA/ PAI-1 clinical utility: the lack of randomization between the types of risk assessment selected by each center; which induced a selection bias; inclusion of patients with HER2+ tumors; also, the sample size was calculated to detect a difference in efficacy between the two chemotherapy regimens and it was not designed to assess the real benefit of taking uPA/PAI-1 into account in the treatment decision.
Recommendations and Conclusions
The INCa (Institut National du CAncer, French National Cancer Institute) recommendations attributed a IA LOE for the prognostic value of uPA/PAI-1, a IA LOE for its predictive value of response to CMF-based chemotherapy, and a IIIC level for anthracyclines-based chemotherapy. 16 According to the ASCO recommendations, clinicians may use uPA/PAI-1 to guide their decisions on adjuvant systemic chemotherapy in ER/PR positive, HER2 negative, and pN0 breast cancers. However, the strength of these recommendations is weak because of the lack of evidence for uPA/PA-1 use in a contemporary treatment setting, 14 as highlighted earlier.
The main issue remains the definition of the population of interest, which was not especially targeted in the described studies due to their period of inclusion. Even if this biomarker undoubtfully has assets (can easily be performed in local centers, with a modest cost and binary results), it remains today difficult to conclude about utility of uPA/PAI-1 for patients with ER+, HER2-tumors.
Oncotype DX ® (Table 1) Introduction
The Oncotype DX ® uses a quantitative reverse transcription polymerase chain reaction (qRT-PCR) assay in FFPE tumor samples to evaluate the level of expression of 21 genes (16 cancer-related genes and 5 reference genes). 31 They were selected among 250 candidate genes after a literature review, using statistical analysis and modelization, and mainly correspond to proliferation genes. A Recurrence Score (RS) was calculated using an algorithm according to their levels of expression. The RS, score from 1 to 100, is a continuous variable estimating the 10-year risk of recurrence under adjuvant hormonal treatment, without chemotherapy. Patients are categorized into three groups: low RS (<18), intermediate RS (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) , and high RS (>31).
The score was developed in patients with ER+ pN0 disease treated with tamoxifen. 31 It was performed in a central laboratory (Genomic Health) and proved analytical validity in an intra laboratory validation. 32, 33 Clinical Validity Prognostic Value Several retrospective studies using archived samples from prospective studies found a difference of DFS between the 3 RS groups in a large population of ER+ patients (n=3382), pN0 31, [34] [35] [36] or pN+. [37] [38] [39] Other retrospective studies found similar results in a mostly ER+ population [40] [41] [42] [43] [44] [45] (Table S2 , in supplementary data). Most studies showed a significant association between Oncotype DX ® and breast cancer outcome: in ER+ pN0 patients without systemic treatment, 46 in ER+ pN0 patients treated with ET alone, 31, 36, 40, 42, [44] [45] [46] [47] and in patients treated with chemotherapy and ET. 34, 41, 43, 46, 48 An association between the RS and patients' outcome was also found in ER+ pN+ patients. 35, 36, 41, 43, 44, 49, 50 Only three retrospective studies evaluated the Oncotype DX ® in the target population of strictly ER+, HER2-patients. [51] [52] [53] In studies including only HR+, HER2-tumors, two studies evaluated Oncotype DX ® in multivariate model and only one found it to be an independent prognostic factor (Table 2A) .
Long-term data of the transATAC (Arimidex Tamoxifen Alone or in Combination) cohort study indicated that Oncotype DX ® had a better prognostic value during the first 5 years than later on (between 5 and 10 years) both in the whole population 54 (χ 2 =5.55 and p=0.02 after 5 years in multivariate analysis) and in the pN0 population 55 (HR=1.13 and p=0.47 after 5 years in multivariate analysis). Similarly, the RS was no longer prognostic after 5 years in the study of Albain et al. 49 Once again, the prognostic value of Oncotype Dx was found in studies which did not include only our target population, leading to potential bias of selection.
Predictive Value
Among these studies, two suggested a predictive value of the RS in a retrospective analysis of subsets of patients from prospective trials: both pN0 34 or pN+ 49 patients with a high RS seemed to benefit from chemotherapy. Patients with ER+ pN0 tumor and a high RS had a 10-year DMFS rate of 60.5% when treated with ET alone and 88.1% when treated with ET and chemotherapy (RR=0.26, 95% CI 0.13-0.53). 34 On the contrary, in patients with a low RS, the 10-year DMFS rates were not significantly different for patients treated with ET alone (96.8%) or with ET and chemotherapy (95.6%). The interaction between the RS and chemotherapy benefit was statistically significant (p=0.038). 34 Unfortunately, HER2 status was not reported in this trial. In postmenopausal patients with HR+ pN+ tumor and a high RS, the 10-year DFS rates were 43% when treated with ET alone and 55% when treated with ET and chemotherapy (p=0.033, HR=0.59, 95% CI 0.35-1.01). 49 There was no benefit of chemotherapy for the patients with a low RS, who had 10year DFS rates of 60% when treated with ET alone and 64% when treated with ET and chemotherapy (p=0. 97 
Clinical Utility
Two prospective trials (the TAILORx trial -Trial Assigning Individualized Options for Treatment- 56 and the Phase III PlanB West German Study Group Trial 57 ) found excellent DFS rates of, respectively, 93.8% at 5 years and 97.4% at 3 years in the low-risk group without chemotherapy. The cut-off set-up in these trials for the low-risk group was lower than previously described (≤10 in TAILORx and ≤11 in the PlanB trial). TAILORx included women with HR+ (ER+ and/or PR+) HER2-pN0 early breast cancer. Patients had to meet the National Comprehensive Cancer Network guidelines for the recommendation or consideration of adjuvant chemotherapy: tumor of 1.1 to 5.0 cm of any grade, or of 0.6 to 1.0 cm and intermediate or high histologic grade or nuclear grade or both. All patients underwent determination of their tumor's RS by Oncotype DX ® . Patients with a 0 to 10 score were assigned to receive ET alone and those with a score of 26 or higher were assigned to receive chemotherapy plus ET. Patients with a score of 11 to 25 were randomized between the two groups (ET alone or chemotherapy plus ET). To minimize the risk of patients' undertreatment, the cut-off for the low-risk group was set up lower than previously described (≤10 vs 18 in the original definition 58 ).
The results of the low-risk group were published in 2015. 56 The cohort included 1626 patients (15.9% of the whole population of 10,253 patients) who presented several factors of good prognosis: tumors were <2.0 cm and <3.0 cm in 69% and 92% of the cases, respectively; 98% of the tumors were PR+ and only 7% had a high histological grade. After a median follow-up of 69 months, the invasive disease-free survival rate at 5 years (primary endpoint) was 93.8% (95% CI 92.4-94.9), the rate of freedom from recurrence of breast cancer at a distant site at 5 years was 99.3% (95% CI 98.7-99.6), the rate of freedom from recurrence at 5 years was 98.7% (95% CI 97.9-99.2), and 5-year OS rate was 98.0% (95% CI 97.1-98.6). The low rate of distant recurrence was consistent with the 5-year rate observed in the original validation study 31, 58 with a cut-off of 18 (2.1%, 95% CI 0.6-3.7). It should be noted that the distribution of RS differed from the distribution of the prior prospective-retrospective validation study which included 27% of the patients with a score of 0 to 10 (43% with a score of 11 to 25 and 30% with a score ≥26). 34, 56 From a statistical point of view, there was no specific enrollment objective for the low-risk group, but the authors estimated that the large sample provided the opportunity to estimate 5-year event rates accurately. Moreover, no detail was provided regarding Ki67, the mitotic index, histology, perivascular invasion or the intensity of staining for HR, all these factors being well-known predictive and/or prognostic factors used in clinical routine decision-making. Thus, these prospective data confirm the prognostic value of Oncotype DX ® and the ability of this test to identify patients with a very low risk of recurrence and who will not benefit from adjuvant chemotherapy. However, these data, to date, do not confirm the clinical utility of this test and its added value to clinicopathological data.
The benefit of adjuvant chemotherapy for patients with intermediate RS remained unclear and was investigated in this trial. Patients with an RS of 11-25 were randomized between chemotherapy plus ET vs ET alone. The results were published in 2018. 59 Among 6711 patients with an RS of 11 to 25, 3399 were randomly assigned to receive ET alone and 3312 to receive chemotherapy and ET. The 9-year DFS rates were 83.3% in the ET group and 84.3% in the chemotherapy plus ET group. Statistically, ET was noninferior to the association of chemotherapy and ET with an HR of 1.08 (95% CI 0.94-1.24, p=0.26). In the exploratory analyses of subgroups, in younger women (≤50 years), chemotherapy was associated with a lower rate of distant recurrence than ET alone, suggesting they may benefit more from this chemotherapy than older women. This is a clinical data that was already known and used to guide decision of adjuvant chemotherapy. Interestingly, they estimated that 73.9% of the patients with an RS between 11 and 25 were already at low clinical risk. For these patients, there is so no evidence that Oncotype DX ® provides additional information to clinical data. Furthermore, all the patients with a high RS were assigned to receive chemotherapy. Among them, 43% (n=1359) were at low clinical risk: the test may lead to overtreatment without showing its superiority to the clinical estimation of the risk.
The TAILORx trial had several limits. First, the selected population was at very low risk of recurrence according to clinicopathological data: this population does not match the population in which we question the benefit of chemotherapy and this may lead to overtreatment. Adjuvant! Online already showed a low benefit of chemotherapy for these patients. Second, its design did not compare a strategy with and without the genomic test: they did not show that Oncotype DX ® brought more information than clinicopathological data. Moreover, a lot of them were not described (Ki67, the mitotic index, histology, perivascular invasion or the intensity of staining for HR), precluding the precise definition of risk in this tested population. The additional contribution of the genomic test is therefore questionable. In addition, patients in the low-and high-risk groups should theoretically have been randomized between chemotherapy and non-chemotherapy to demonstrate clinical utility. Finally, repeated changes in thresholds can lead to confusion in the interpretation of test results, especially since they challenge a new agespecific threshold that is not justified by previous studies. Moreover, the registry used to justify the new TAILORx thresholds included patients who were different from the trial (at higher risk in the registry). There was therefore a real problem in defining the target population.
Secondary analyses of the TAILORx trial 60 94-5.19) . It underlines the necessity to take clinical factors into account for the evaluation of patients' prognosis and treatment decision.
The results from the translational research program of the prospective randomized multicenter PlanB trial have recently been published. 57 In this trial, 3198 patients with early HR+ HER2-breast cancer were enrolled: 41.1% had pN+ and 32.5% had grade 3 tumors. PlanB was initiated to compare an anthracycline-containing regimen and an anthracycline-free regimen as adjuvant chemotherapy. After an early amendment (and inclusion of 274 patients), patients with an RS ≤ 11 were recommended not to receive chemotherapy. In 348 patients (15.3% of the patients, 31.4% pN+ and 20% grade 3), the RS was ≤11. After a 35month median follow-up, the 3-year DFS rate was 98% in this subgroup (vs 92% in patients with an RS > 25 and 98% in patients with an RS between 12 and 25, all treated with chemotherapy). Interestingly, in the whole population, only 5.8% of the patients with grade 3 tumors had a low RS (≤11) and all patients in the small group with Ki67 ≥ 40% and PR ≤ 20 had an RS > 25. In multivariate analysis, the nodal status, local grade, central grade, and RS were independent prognostic factors. Overall, these prospective data confirmed the prognostic value of Oncotype DX ® and the ability of this test to identify patients with a very low risk of recurrence both in pN0 and pN+ tumors. However, a longer follow-up is required to confirm these results.
Moreover, the RxPONDER (Rx for Positive NoDe, Endocrine Responsive; ClinicalTrials.gov identifier: NCT01272037) trial was designed to assess the clinical utility of the test in patients with one to three positive nodes: if the RS was <25, patients were randomly assigned between ET with chemotherapy and ET alone. The study is still recruiting.
Recommendations and Conclusions
Based on three prospective studies using archived samples, the INCa recommendations attributed a IIB LOE to the prognostic value of Oncotype DX ® in ER+ pN0 or pN+ breast cancer. They did not consider level IB because of the lack of representativeness of the studied samples (according to Simon's guidelines, at least two-thirds of the population from the prospective trial must be included in the cohort of analysis to justify this LOE). Its predictive value was estimated to be II LOE for the response to chemotherapy with CMF or anthracyclines and IIIC LOE for the response to ET. They additionally pointed the lack of external analytical validation and the correlation with usual markers. 16 According to the ASCO recommendations, the Oncotype DX ® test may be used to determine adjuvant chemotherapy in ER/PR positive HER2-pN0 breast cancers with a IB LOE. In case of low RS, chemotherapy was not recommended and in case of high RS, chemotherapy was recommended. For patients with intermediate RS, the results cannot currently be used to establish chemotherapy. In case of pN+ breast cancer, they did not recommend the test to guide the treatment decision because of the potential benefit of chemotherapy in this subgroup (IIB LOE). 14 To conclude, prospective data confirmed the prognostic value of Oncotype DX ® and the ability of this test to identify patients with a very low risk of recurrence. However, we have previously detailed the main limitations of the TAILORx study to demonstrate clinical utility (a very low-risk study population, repeated threshold changes and poor design for demonstrating clinical utility).
Introduction
The Mammaprint ® test initially used DNA microarrays on fresh-frozen tissues. Seventy genes involved in proliferation, invasion, angiogenesis, and metastasis were identified in women < 55 years with N0 tumors < 5 cm, without any adjuvant treatment. It classified patients into two groups, patients of good or poor prognosis, on the basis of the distant recurrence risk at 5 and 10 years. 37 It was then developed on FFPE tissue. 38 The test has been shown to be highly reproducible both intra-and inter-laboratory. 39, 61 It is now centralized and commercialized by Agendia (Amsterdam).
Clinical Validity
Prognostic Value Most of the retrospective studies found a prognostic value for MammaPrint ® in addition to clinicopathological factors in different populations (pN0 or pN+, ER+ or ER-, HER2+ or HE2-tumors in pre-or postmenopausal women) 39,41,62-65 as described in Table S3 in Supplementary data. The poor prognostic group represented about 60% of the whole population. None of these studies consider exclusively our target population of HR+, HER2-tumors.
Long-term data seemed to indicate a better prognostic value during the first 5 years after diagnosis and found non-significant hazard ratios for DMFS after 5 years. 64, 66 Predictive Value In neoadjuvant trials with chemotherapy, the poor prognosis group had a higher rate of pCR, suggesting the predictive value of this test. [67] [68] [69] In the only study considering only HR+, HER2-tumors, Mammaprint ® was not shown to be an independent predictive factor of pCR. 69 
Clinical Utility
The Microarray In Node-negative and 1 to 3 Positive Lymph Node Disease may Avoid ChemoTherapy (MINDACT) trial 70 was a prospective randomized trial including 6693 women with pN0 or pN+ (up to 3 nodes), and T1, T2, or operable T3 tumors.
In the initial study design, all patients had to have pN0 disease, but the protocol was revised after the publication of the study of Mook et al 71 and allowed enrolling patients with 1 to 3 positive axillary nodes. They used the 70-gene signature to determine genomic risk and Adjuvant! Online (version 8.0 with HER2 status) to evaluate the clinical risk. A low clinical risk was defined as a 10-year probability of breast cancer-specific survival (BCSS) without systemic therapy of more than 88% among patients with ER+ tumors, and of more than 92% among patients with ERtumors. Women at low clinical and low genomic risk did not receive adjuvant chemotherapy; those with high clinical and high genomic risk did receive such therapy. In case of discordance, either the clinical or the genomic risk was used to determine chemotherapy administration. Factors of stratification were institution, risk group, HR status, nodal involvement, age, HER2 status, axillary treatment, and type of surgery. Additional randomizations were proposed both for chemotherapy (anthracycline-containing regimen or docetaxel plus capecitabine) and ET in case of HR+ tumors (tamoxifen and letrozole or letrozole-only regimen).
Patients were classified into 4 main groups: low clinical and genomic risk (n=2745, 41.0% of the patients), low clinical and high genomic risk (n=592, 8.8%), high clinical and low genomic risk (n=1550, 23.2%), and high clinical and high genomic risk (n=1806, 27.0%). Seventy-nine percent of patients had a pN0 disease, 20.9% had 1 to 3 positive nodes (including micrometastases), 88.4% expressed ER, PR, or both, and 9.5% had a HER2+ tumor. The primary analysis was designed to test whether, among patients with high clinical risk and low genomic risk who did not receive chemotherapy, the lower boundary of the 95% CI for the 5-year survival without distant metastasis rate would be of 92% (non-inferiority boundary) or higher. Among these 1550 patients, 48% had a pN+ disease, 93% had grade 2 or 3 tumors, and 34% were ≤50 years old. The percentage of patients without distant metastasis at 5 years in this group was 94.7% (95% CI 92.5-96.2). Thus, the primary objective of this study was met. Moreover, there was no different outcomes between patients who received chemotherapy and those who did not (1.5 points, HR=0.78, 95% CI 0.50-1.21, p=0.27). Similar results were observed for the subgroup with ER+ HER2-tumors and for patients with a pN0 or pN+ disease. In the group with a low clinical risk and a high genomic risk, the survival without metastasis rate at 5 years was similar with or without chemotherapy (HR=1.17, 95% CI 0.59 to 2.28, p=0.66). Among all patients with high clinical risk, the use of Mammaprint ® would lead to a reduction of 46.2% of the prescription for chemotherapy. The main group in this study consisted of patients with low clinical risk and low genomic risk (41.0% of the patients). These patients were affected with a favorable prognosis, with a DMFS of 97.6 (95% CI 96.9-98.1) at 5 years and an OS of 98.4 (95% CI 97.8-98.9) at 5 years. It seems that the association of the clinical low risk and genomic low risk allows the identification of a particularly favorable prognosis group. However, the result of the genomic test does not seem to significantly modify the treatment impact. In addition, considering the natural history of this clinicopathological group, the 5-year analysis needs to be updated in order to identify the possible late recurrences linked to HR+/HER2-tumors. This study had several limitations: first, the systemic treatments received were not precisely described. Second, the population with low clinical risk and high genomic risk was small to show a difference (592 patients, 8.8% of the study population). Next, even if the difference was not statistically significant in terms of DMFS in high clinical risk patients, the choice of their statistical thresholds can be criticized. In the clinical high risk and genomic low risk population, in ITT analysis, the chemotherapy group had a 5y-DMFS of 95.9% (95% CI 94.0 to 97.2) versus 94.4% (95% CI 92.3 to 95.9) in the non-chemotherapy group. This statistically accepted difference seems clinically significant. Finally, some data are missing for the analysis of the results in the high clinical risk and low genomic risk group: the actual treatments received by the patients, the data from the per-protocol analysis. In addition, the number of events was particularly low in this group, which did not make it possible to highlight any difference.
Recommendations and Conclusion
Before the results of the MINDACT trial, the INCa recommendations attributed a LOE IIIC for the prognostic and predictive values of Mammaprint ® , based on retrospective studies. They also pointed out the correlation with the usual markers. 16 The MINDACT trial showed the interest of Mammaprint ® in patients with a high clinical risk and a low genomic risk, but the limitations for interpreting its results are detailed earlier.
The ASCO issued updated guidelines after the results of the MINDACT trial: 72 they considered that Mammaprint ® may be used in ER/PR positive, HER2-, pN0 or pN+ (1 to 3 positive nodes) breast cancer with high clinical risk with a IA LOE. It should not be used in case of low clinical risk because chemotherapy did not improve prognosis even in case of high genomic risk.
Endopredict ® (Table 3) Introduction
The Endopredict® test was developed using an RT-PCR method on FFPE tumor tissue. Eleven genes were studied, 8 cancer-related genes and 3 reference genes. Levels of RNA determined the risk score (Endopredict, EP); the clinical risk score (EPclin) combined levels of RNA with two clinical factors, tumor size and nodal status. Patients were divided into two groups, patients at low and high risk (cutoff points at 5 for EP and 3.3 for EPclin). 73 The test was developed to predict the likelihood of distant recurrence in postmenopausal patients with ER+ HER2-early breast cancer treated with adjuvant ET. It can reliably be decentralized in local laboratories. 74, 75 Clinical Validity Prognostic Value Studies using archived samples from prospective trials 73, 76, 77 on large populations of patients with ER+ HER2-tumors, treated with ET (with or without chemotherapy) found a significant outcome difference between the low-and highrisk groups in multivariate analysis for EP and EPclin (Table  S4 in Supplementary data). In a population of 1702 ER+ HER2-patients from the ABCSG-6 and the ABCSG-8 trials, the 10-year DFS was significantly higher in patients with low risk according to the EP (in multivariate analysis, HR=1.19, IC95% (1.04-1.36), p=0.010 in the ABCSG-6 cohort and HR=1.26, IC95% (1.15-1.38), p < 0.001 in the ABCSG-8 cohort). 73 More than 4500 patients were investigated in 4 multivariate models (Table 2B ). All of them showed that Endopredict® was an independent prognostic factor. In all of them, the tumor size, nodal status, and tumor grade were included in the multivariate model.
Predictive Value
A neoadjuvant trial found that the high-risk group is associated with a higher pCR rate of 17% as opposed to 7% in the low-risk group, 78 but LOE is currently very low about the predictive value of EndoPredict®.
Long-Term Data
Long-term data 77, 79 seemed to indicate that EP retained a prognostic value after 5 years. Dubsky et al 79 analyzed the 1702 patients of the validation set (with ER+ HER2tumors, treated with ET alone) 73 to evaluate the likelihood of early and late recurrence according to EP and EPclin. The EP low-risk group had an excellent long-term prognostic with an absolute freedom of distance recurrence of 96.29% (95% CI 93.48-99.11) between 5 and 10 years of follow-up. In multivariate analysis adjusted for age, tumor grade, nodal status, tumor size, and Ki67, the EP score remained a significant prognostic factor of both early (between 0 and 5 years, HR=1.20, 95% CI 1.10-1.31, p< 0.001) and late recurrence (after 5 years, HR=1.28, 95% CI 1.10-1.48, p=0.001). The fact that EPclin takes into account clinical factors improves even more the ability of the test to detect late recurrence events (after 5 years, HR=6.25, 95% CI 2.72-14.36, p< 0.001) and allowed identifying a low-risk group with an excellent prognosis at 10 years, ie, an absolute freedom of distance recurrence of 98.20% (95% CI 96. 54-99.85 ). This was not found in another retrospective study with a very heterogeneous population (including HER2+ tumors), in which the EP score was significant only in ER+ patients during the first 5 years. 80 
Clinical Utility
At the time of our search, we found no prospective data regarding EndoPredict®.
Recommendations and Conclusions
According to the ASCO recommendations, EndoPredict ® may be used to guide decision on adjuvant chemotherapy in case of ER or PR positive HER2-negative pN0 breast cancer, as it allows identifying a group with an excellent prognosis at 10 years in which chemotherapy could be avoided (IIB LOE). 14 This test could also be useful to identify patients at risk of late recurrence who could benefit from an extended adjuvant ET. This hypothesis needs to be evaluated in a prospective study. The clinical utility of this test is not shown yet.
PAM50 (Table 4) Introduction
The PAM50 (Prediction Analysis of Microarray) signature was initially developed to classify the tumors into the intrinsic subtypes defined by the molecular classification, using microarrays. A qRT-PCR was then developed, which allowed the use of PAM50 on FFPE tumor samples. Then, 1900 genes qualified as "intrinsic" were identified, in a first step, from 122 breast cancer samples. Among them, 50 genes were selected to classify the tumors into four major intrinsic subtypes. 81 Simultaneously, the prognostic and predictive values of the PAM50 signature were evaluated and a risk of relapse (ROR) score was calculated. Patients were allocated into three groups: low, intermediate, and high ROR score. A ROR-C score combining subtypes and tumor size was also developed.
Based on PAM50, the Prosigna ® assay was developed for decentralized testing in local laboratories and is currently used. It simultaneously measures the expression levels of the 50 target genes by RT-PCR on the NanoStringnCounterDx Analysis System. 82 An algorithm, adding information on 0-5y: χ 2 = 10.5; p = 0.001 5-10:χ 2 = 9.9; p = 0.002 EP 0-10y: χ 2 16.4; p < 0.001 0-5y: χ 2 6.9; p = 0.009 5-10y: tumor size and number of involved nodes to the results of the RT-PCR, provides the four following results: the molecular subtype of the tumor, the individual likelihood of recurrence at 10 years, the ROR score in a scale from 0 to 100, and the classification into a group of 10-year recurrence risk (low, intermediate, or high).
The test was studied in different populations of pN0 or pN+, ER+ or ER-, HER2+ or HER2-early breast cancer.
Clinical Validity
Prognostic Value Retrospective studies using data from patients in prospective trials [83] [84] [85] [86] and retrospective studies 44, 80, 87, 88 found a prognostic value of the ROR score in ER+ HER2-pN0 or pN+ populations as described in Table S5 in Supplementary data. The ROR score was often analyzed as a continuous risk score. In a population of 1017 ER+ patients from the ATAC trial, there was a continuous relationship between the ROR score and the 10-year risk of distant recurrence, with a significant difference in multivariate analysis (LRΔχ 2 =34.5, p < 0.001). 84 The difference in terms of 10-year DFS was also significant in a population of 1478 ER+ patients from ABCSG-8 trial, with an increase in the risk of relapse of 37.5% for an increase of 10 points in ROR score (in multivariate analysis, HR=1.03, IC 95% (1.02-1.04), p < 0.001). 85 In most studies on PAM50, the population is very diverse, encompassing more than the target population. Only 3 studies considered only a population with HR+, HER2-tumors (Table 4 ), and none of them evaluated PAM50 in a multivariate model.
Analysis of long-term data of ATAC and ABCSG-8 trials 54, 89, 90 in HR+ patients found that the ROR score remained significant on DMFS after 5 years (in multivariate analysis, HR=1.80 IC 95% (1.57-2.06), p < 0.001). 90 Other studies found a decrease in significance after 5 years. 80, 87 Predictive Value In neoadjuvant trials, the high-risk group seemed associated with higher rates of pCR or response to chemotherapy 68, 91 and a lower rate of response to ET. 92 The association between the rate of pCR and the ROR score in multivariate analysis was not significant 68 or not reported. 91, 92 Only one of them assessed the signature in a population of strictly HR+, HER2tumors.
Clinical Utility
The OPTIMA trial (Optimal Personalised Treatment of early breast cancer usIng Multi-parameter Analysis; ISRCTN42400492) is currently ongoing to evaluate the clinical utility of Prosigna ® . Recruitment began in January 2017. It includes patients over 40 years of age, with ER+, HER2-, early breast cancer with 1-9 involved axillary lymph nodes or tumors of a size greater than 30 mm. They are randomized between chemotherapy and endocrine therapy or treatment according to Prosigna ® (chemotherapy and endocrine therapy or endocrine therapy alone). Their population of interest corresponds well to the population in which the question of adjuvant chemotherapy arises, according to clinical and pathological criteria. The combination of clinical and genomic data seems interesting to optimize therapeutic management.
Recommendations and Conclusions
Currently, there is a lot of evidence that PAM50 is adequate to determine the risk of relapse at 10 years, but there are no data regarding its clinical utility. Considering that PAM50 classifies the patients in 3 risk groups, there is still the downside of the intermediate-risk group, which represented between 25% and 60% of the population of the published studies. The standard of care is not yet defined in this situation.
According to the ASCO recommendations, the PAM50 ROR score may be used in ER/PR positive, HER2 negative, pN0 breast cancer to guide decision on adjuvant chemotherapy with a IB LOE. In case of low ROR score, chemotherapy was not recommended, whereas it was recommended for patients with a high ROR score. No treatment recommendation was made in case of intermediate score. The signature was not recommended in case of pN+ disease. 14 The results of the OPTIMA study are awaited in order to conclude on the clinical utility of Prosigna ® . Recruitment is planned until 2021 with a target of 4500 patients included.
Invasive Lobular Carcinoma
Many of the previously described tests have been developed on invasive ductal carcinoma (IDC) samples. Indeed, among the selected studies, only few of them describe the histological type of each breast cancer considered.
In two studies involving 128 ILC, uPA and PAI-1 levels were lower in ILC (n=94) than in IDC (p< 0.001) 93 and lobular histology was correlated with the low-risk group in univariate analysis (n=34). 94 Two studies on the Oncotype DX ® test described ILC subgroups. 51, 95 In the study of Barcenas et al, ILC represented 172 cases among 1424 breast cancers (12%), mostly in the intermediate-risk group (73%), and only 19% and 8% in the low-risk and high-risk groups, respectively. 51 In a neoadjuvant study, among 72 breast cancers, only 4 (5.6%) were ILC and none of them achieved a clinical complete response. 95 Their risk groups were not specified in this study.
Six studies of MammaPrint ® focused on ILC breast cancers. 64, 67, 69, 71, 96, 97 In the four studies in which they were assessed, 40-100% of the ILC were categorized as low risk. 64, 67, 71, 96 Only one study on the EndoPredict ® test described an ILC subgroup with only 10 cases (1.8% of the studied population). No details about the Endopredict ® results were provided. 78 Only one study on the PAM50 signature described a group of 61 (7.8%) ILC among 786 breast cancers and no information were provided about the ROR score for this histological subtype. 87 To conclude, the lack of data about ILC in the literature makes it difficult to evaluate the impact of these predictive and prognostic tests in this specific histological subtype. In our opinion, further researches are warranted to establish the clinical validity and utility of these different signatures for ILC. It would be particularly interesting to obtain data on the histological type from studies with the EndoPredict ® score, which may be able to identify late relapse events.
Comparisons of the Signatures
Some studies compared the prognostic efficiency of the different signatures in a single population 41, 77, 80, 84, 86, 91, 98 and other studies compared the correlation between different biomarkers without evaluating the impact on the survival. [99] [100] [101] [102] Overall, all these studies showed that each test has the ability to distinguish prognostic groups. The correlation is moderate to strong depending on the study (Table 5) . Despite these correlations, at the individual level, a patient can be assigned to a different risk group depending on the test used. Moreover, there is no comparison of the ability for these tests to guide the treatment decision in improved clinical outcome, that is to say, regarding their clinical utility.
Conclusion
The five biomarkers evaluated showed their clinical validity to identify patients with HR+ HER2-and pN0 or pN+ breast cancers at low or high risk of recurrence. They are currently available in common practice. However, only few data from prospective randomized trials are available to conclude about their clinical utility (none for PAM50 and EndoPredict ® ).
Only a few studies with a high level of evidence have been conducted to evaluate the different genomic signatures. The prognostic value of uPA/PAI-1 has been demonstrated in trials that included a large population of different types of breast cancer, including ER+ and ERtumors. The HER2 status was often not available. Despite a LOE 1 for its clinical validity, no trial was designed to conclude about its clinical utility, even less in our target population. The results of the TAILORx trial showed that the patients with a low RS had an excellent 5-year DFS with adjuvant ET alone and that chemotherapy did not improve 9-year DFS in the group of patients with an intermediate RS. However, the added value of the Oncotype DX ® test in this population is yet unknown because all anatomopathological data currently used in multidisciplinary tumor boards were not provided in the literature. The design of the TAILORx trial also does not allow us to conclude on the clinical utility of Oncotype DX ® since it has not been compared to conventional management using clinicopathological criteria. The first results of the MINDACT trial showed the interest of Mammaprint ® in patients with a high clinical risk (according to the usual clinicopathological data) and low genomic risk tumors, saving them from the potential side-effects of chemotherapy with an increase of only 1.5% of the 5-year risk of distant recurrence in comparison with those which received chemotherapy. This trial was specifically designed to answer the question of the clinical utility of Mammaprint ® but had limitations in statistical analysis and missing data to conclude. The OPTIMA trial is recruiting and seems well designed to evaluate the clinical utility of Prosigna ® . To date, no prospective trial has been conducted to evaluate the clinical utility of EndoPredict ® .
A key issue is to identify the population of interest, in which the decision of adjuvant chemotherapy is difficult using only classical clinicopathological data. With experimented anatomopathologists and using data such as age, tumor size, nodal status, tumor grade, Ki67, mitotic index, histology, perivascular invasion, and intensity of staining of HR, this population is probably smaller than the population studied in the different trials. The results of the MINDACT trial showed that Mammaprint ® has no added value for the patients at low clinical risk. It seems therefore essential to precisely identify the groups of patients for whom using a test to decide the therapeutic strategy is relevant. Notably, there are only few data about some specific histological tumor subtypes such as ILC, for which specific studies are needed. It is thus all the more necessary considering that two of these tests classify the patients in three groups (Oncotype DX ® , PAM50 ROR), with an intermediate group in which the treatment strategy is not defined, not helpful in clinical practice. In addition, the cost of these tests is an important factor to limit their indication only to situations where they could influence the therapeutic strategy.
Furthermore, the correlation between the tests is poor at the individual level. Each signature will not classify a given patient at the same level of recurrence risk. The secondgeneration signatures (PAM50, EndoPredict ® ), which combine the genomic analysis with the clinical data (tumor size and nodal status), make it possible to refine the estimation of the recurrence risk and seem promising despite the current lack of prospective randomized trials. In addition, the PAM50 signature gives a supplementary result with the molecular classification of the tumor.
Finally, these tests could perhaps give us information to determine the duration of ET. Their prognostic value seems better during the first 5 years. However, some of them (particularly Endopredict ® ) maintain a prognostic value after 5 years and could help to estimate the risk of late recurrence. This could be interesting to identify patients who could benefit from an extended ET of 10 years. That issue remains to be demonstrated.
Another axis of development could be a more refined classification of HR+/HER2-tumors. Indeed, the identification of subtypes of breast cancer is in continuous development. A recent study found a heterogeneity of luminal A breast cancers that could respond differently to ET or immunotherapy. 103 Identification of new tumor subtypes and refinement of their taxonomy could provide additional information in order to adapt treatment to patients in the idea of personalized medicine. However, a prospective validation of their clinical utility would be mandatory.
Many anatomopathological elements (including tumor size and grade, nodal status, Ki67, the mitotic index, histological type, peri-vascular invasion and the intensity of HR staining) are considered by the multidisciplinary tumor boards in order to help make the decision on adjuvant chemotherapy. Today, the available studies did not address the question of adjuvant chemotherapy decision in the population for which the tumor boards are discussing the indications despite the classical variables. In addition, their design, variable description, or statistical analysis limitations preclude us for definitively conclude as to their clinical utility. Prospective trials focusing only on the target population HR+ HER2-, designed to compare the prognostic and/or predictive accuracy of these tests with the use of clinicopathological criteria, are needed.
